Introduction
The next-generation nonvolatile memory (NVM) has attracted extensive attention due to the conventional memories approaching their scaling limits. The electric-field controlled resistive random access memory (RRAM) by using metal oxide has been projected in the form of metal/oxide/metal structures and attracted considerable attention because of its simple structure, long retention time, small size, fast switching speed, low temperature process and compatibility with complementary-metal-oxide-semiconductor (CMOS) process.(1), (2) Resistive switching phenomena have been observed in various oxide materials which are doped perovskite SrZrO 3 ,(3) ferromagnetic materials such as (Pr, Ca) MnO 3 ,(4) and binary transition metal oxides such as NiO,(2),(5) TiO 2 ,(6) Cu x O,(7), (8) and Al 2 O 3 .(9), (10) However, to date, there has been relatively little research conducted on the effect of top electrode (TE) material on resistive switching properties according to materials analyses. Although the influence of top electrode on the resistive switching properties has been investigated, the mechanism is still unknown.
In this paper, the secondary ion mass spectrometry (SIMS) was presented to analyze the depth profile of TE/MnO 2 /Pt structure with different top electrodes. It was found that the oxygen distribution at the interface can influence the electric properties of the structure. By using this material analysis, the switching mechanism can be further clarified.
Experimental Details
The process flow and memory structure is shown in figure 1 . The memory devices were used to be fabricated on the boron-doped p-type (100) silicon wafer. After the standard Radio Company of America (RCA) cleaning, a 300-nm-thick SiO 2 films as the buffer oxide was thermally grown by a horizontal furnace, which was followed by a 20-nmthick Ti layer and then an 80-nm-thick Pt layer deposited by a DC magnetron reactive sputtering. Subsequently, a 40 nm MnO 2 films were deposited on Pt/Ti/SiO 2 /Si substrate by electron beam evaporation at room temperature. Finally, various top electrodes (TE), Pt, Al, and Ti, were deposited on the MnO 2 films by using electron beam evaporation or DC magnetron sputtering to form a TE/MnO 2 /Pt (metal/resistor/metal, MRM) sandwich structure. All processes were completed at room temperature; therefore it can be also applied on glass or flexible substrate.
The area of the TE defined by a shadow mask was 3.1 × 10 -4 cm 2 . Transmission electron microscopy (TEM) are use to analyze the microstructure of MnO 2 thin films. The concentration distribution of oxygen was examined by Secondary ion mass spectrometry (SIMS). Electrical properties were measured using the Agilent B1500 semiconductor characterization system at room temperature. The DC sweeping voltage was applied to the top electrode and the bottom electrode was grounded. Compliance current was used to set a limit to the current flow in order to avoid a complete dielectric breakdown. 
Results And Discussion
Figure 2 (a) shows the cross-section TEM image of Al/MnO 2 /Pt films structure. Columnar microstructures were observed from bottom to top in the MnO 2 layer. The width of the columnar grains is about 9~10 nm, the atoms arrange periodically and the lattice constant is about 3 Å as shown in the inset of Fig. 2 (a) . To investigate the crystalline structure of the columnar grains, the XRD spectra of MnO 2 on the bottom Pt electrode can be found in Fig. 2 (b) . It can be readily indexed to phase of ε-MnO 2 with lattice constants a = 2.80 Å and c = 4.45 Å, (11) moreover, it can be found that MnO 2 films have a polycrystalline hexagonal phase structure. Figure 3 depicts the current-voltage (I-V) curves of the MnO 2 RRAM device. When a sweep positive voltage was applied, the current of the device increased rapidly, and the device was switched from high resistance state (HRS) to low resistance state (LRS), defined as the "set" process. On the other hand, when a sweep negative voltage was applied, the current decreased rapidly and the device was switched from LRS to HRS, defined as the "reset" process. A current compliance was set at 8 mA during the set process to prevent permanent breakdown of the device. There has been reported that an electroforming process is necessary for the initialization of the resistive memory switching. (6), (12) Because the forming voltage is much larger than operation voltage, the large power of forming process may damage parts of the devices. This will result in a lower yield of the devices. However, our devices processed resistive switching characteristic without forming process. It can be attributed to the grain boundaries which can provide faster transport paths for oxygen ions in the MnO 2 layer. 3 (a) shows the I-V curves of Pt/MnO 2 /Pt device. It could be found that the initial state was high resistance state. By sweeping voltage from 0 to 3 V, the current increased rapidly and achieved compliance current at the voltage of 2.5 V. However, for negative sweeping, the current state could not be switched from LRS to HRS, even if the sweeping voltage was larger than -3 V. Fig. 3 (b) shows I-V curve of the Al/MnO 2 /Pt device It can , 41 (3) 475-482 (2011) be seen that after operating several times, the LRS current became unstable to reach HRS (the 10 th switching time in the Fig.) and most of the devices broke down after a few set/reset cycles. From Fig. 3 (c) , it could be noticed that I-V curves with successive memory switching were greatly stabilized by Ti top electrode and the ratio of resistance between HRS and LRS was larger enough for distinguish 0 or 1.
ECS Transactions
When the device switched from HRS to LRS, the oxygen vacancies were created in the MnO 2 film due to oxygen ions drifted to TE by electric field. The MnO 2 thin film became metal-like MnO x (x<2) at LRS. On the order hand, when MnO x switched from LRS to HRS, it needed oxygen ions to recover MnO x for achieving HRS.(13) Fig. 4 (a) , (b) and (c) is the comparison of SIMS depth profile for various top electrodes, Pt, Al, and Ti, respectively deposited on MnO 2 /Pt device. As shown in Fig. 4 (a) , it could be found that the oxygen concentration at the interface of Pt/MnO 2 was very low because oxygen can easily diffuse into atmosphere along the Pt grain boundaries. (14) When Pt/MnO 2 /Pt device switches from HRS to LRS at the first time, the oxygen ions drift through the Pt electrode by electric field and conducting paths were formed. However Pt cannot act as a source and reservoir for oxygen ions, the oxygen vacancies cannot be recovered. Therefore, the device cannot switch from LRS to HRS.
In the Fig. 4 (b) , oxygen concentration could be found at the interface of Al and MnO 2 . The result can be attributed to a dense AlO x thin film formed at the interface after several operation times. However, the oxygen concentration at the interface of Al/MnO 2 was low. During operation, the oxygen ions are not enough for oxygen vacancies to be recovered, and therefore it makes the electrical property to become unstable [ Fig. 3 (b) ]. Fig. 4 (c) illustrates that the concentration of oxygen at the Ti/MnO 2 interface is abundant because Ti can serve as a reservoir for oxygen ions storing. Moreover, Ti can steadily provide enough oxygen ions to recover oxygen vacancies of MnO x during reset operation. Therefore, the switching characteristic of Ti/MnO 2 /Pt device is better than Al/MnO 2 /Pt device. Fig. 5 shows the endurance and retention characteristics of HRS and LRS in the Ti/MnO 2 /Pt device. The pulse programming/erase voltages were +2.5 and -2.6 V and the pulse width was 100ns and 300ns, respectively. Fig. 5(a) shows the resistance ratio of HRS and LRS of this device was about 100 times, and the on-off resistance state was gradually stabilized over 10 5 times of cycles. Fig. 5(b) shows the retention behavior at 0.2V reading voltage of the memory in Ti/MnO 2 /Pt device at 85℃. The resistance ratio between LRS and HRS is stable for 10 4 seconds retention time. These results indicate that the Ti/MnO 2 /Pt device is a great candidate for non-volatile memory application. 
Conclusions
In conclusion, we have deposited resistive switching layer of MnO 2 with columnar microstructures at room temperature. The Ti/MnO 2 /Pt device can be operated at low voltage without forming process. In addition, Ti/MnO 2 /Pt device exhibited better resistive switching properties which could be traced and reproduced over than 10 5 times between LRS and HRS in comparison with Pt/MnO 2 /Pt and Al/MnO 2 /Pt devices. The different oxygen ions distribution at the interface of TE and MnO 2 shows a large dependence with the different resistive switching properties. The results suggest the interface between MnO 2 and the top electrode plays an important role in the memory switching.
